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We studied the doping and temperature (T ) dependence of the infrared (IR) response of
Ba(Fe1−xCox)2As2 single crystals. We show that a weak band around 1000 cm
−1, that was pre-
viously interpreted in terms of interaction of the charge carriers with magnetic excitations or of
a pseudogap, is rather related to low-energy interband transitions. Specifically, we show that this
band exhibits a similar doping and T -dependence as the hole pockets seen by angle resolved pho-
toemission spectroscopy (ARPES). Notably, we find that it vanishes as a function of doping near
the critical point where superconductivity is suppressed in the overdoped regime. Our IR data thus
provide bulk specific information (complementary to the surface sensitive ARPES) for a Lifshitz
transition. Our IR data also reveal a second low-energy band around 2300 cm−1 which further
emphasizes the necessity to consider the multiband nature of these iron arsenides in the analysis of
the optical response.
PACS numbers: 74.70.-b, 74.25.Gz, 78.30.-j
Infrared (IR) spectroscopy is a powerful tool to study
the charge carrier dynamics in materials with strongly
correlated electrons [1, 2]. Due to its accuracy and high
energy resolution, its bulk sensitivity, and the existence
of powerful sum-rules it can yield valuable information
about the energy scales of the electronic interactions and
superconducting (SC), charge density wave (CDW) or
spin density wave (SDW) states. In the cuprate high-
Tc superconductors (HTSC) the IR spectra revealed a
pronounced high energy tail of the Drude-like response
which arises from a strong, inelastic interaction of the
charge carriers with excitations that are widely believed
to be of magnetic or electronic origin since their energy
scale exceeds the one of the phonons [1, 3, 4]. Further-
more, in the underdoped part of the phase diagram, the
IR spectra exhibit a gap-like dip feature that develops
already in the normal state well above the SC transi-
tion at T ≫ Tc [1, 5]. This so-called pseudogap arises
from a partial suppression of the low-energy charge (and
spin) excitations whose origin is debated with explana-
tions ranging from a precursor SC state that is lack-
ing macroscopic phase coherence to alternative electronic
or magnetic correlations that may even compete with
SC [1, 6, 7]. Despite the ongoing controversy, the pseu-
dogap phenomenon is often considered a hallmark of the
unconventional charge dynamics of the cuprates that may
be key to the high-Tc pairing mechanism.
In 2008 the discovery of SC with Tc up to 55 K in
the iron arsenides [8–10] has drawn attention to their
electronic properties. A central question is whether
they share the same HTSC pairing mechanism with the
cuprates. In particular, antiferromagnetic (AF) fluctua-
tions appear as promising candidates since in both fam-
ilies HTSC develops in close proximity to an AF or-
der [11]. This raises the question whether for the ar-
senides similar signatures of strong coupling of the charge
carriers to high energy excitations (well above the phonon
range) can be identified in the IR spectra and whether,
possibly, even a pseudogap effect can be observed. Both
features have indeed been previously reported and inter-
preted in terms of an interaction with AF spin fluctua-
tions [12–15].
However, unlike the cuprates the iron arsenides are
multiband superconductors with several hole-like and
electron-like bands crossing the Fermi level near the cen-
ter and the boundary of the Brillouin zone (BZ), respec-
tively [11, 16]. This requires great care in interpreting the
IR spectra which may exhibit significant deviations from
a Drude-like response due to the presence of charge car-
riers with different scattering rates or low-energy inter-
band transitions [17]. Evidence for charge carriers with
different scattering rates has already been reported [18–
20] and at least two (possibly even three) different energy
gaps have been identified in the SC state [18–21].
These considerations motivated us to investigate in
more detail the temperature and doping dependence of
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FIG. 1. (a)-(d) T -dependent spectra of the infrared conductivity of Ba(Fe1−xCox)2As2 single crystals with x = 0, 0.04, 0.075
and 0.15, respectively. The bottom arrows show the position of the interband transition. (e) Difference spectra with respect
to the conductivity at 300 K obtained by MIR ellipsometry. The upper arrows in (a)-(e) point to the maximum increase of
conductivity in the SDW state. (f) Doping dependence of the spectral weight, SW, of the weak 1000 cm−1 band obtained as
described in [45], overlaid on the phase diagram from Ref. [28]. (g) Sketch of the evolution of the interband-transition between
three hole-like bands as the upper two are sinking below the Fermi level.
the IR response of a series of Ba(Fe1−xCox)2As2 single
crystals. In particular, we focus here on the evolution
of a normal state feature around 1000 cm−1 which was
previously interpreted in terms of a pseudogap effect or
an interaction with a bosonic mode [13, 18]. Here we
show instead that this feature most likely arises from
low-energy interband transitions between the Fe 3d bands
around the center of the BZ. Notably, we find that this
interband transition vanishes around x = 0.15 just as SC
is fully suppressed on the overdoped side of the phase
diagram. In line with previous reports of such a Lifshitz
transition from ARPES [22], this suggests that the charge
and spin fluctuations arising from the scattering between
the hole and electron pockets play a central role in the
HTSC pairing mechanism.
A series of Ba(Fe1−xCox)2As2 crystals with 0 ≤ x ≤
0.2 and Sr(Fe1−xCox)2As2 with x = 0, 0.07 and 0.085 has
been grown at KIT in Karlsruhe by a self-flux method
in glassy carbon crucibles as described in Refs. [23, 24].
Their chemical composition has been determined with
energy dispersive x-ray spectroscopy. Ca1−xLaxFe2As2
crystals with x = 0, 0.05, 0.1 and 0.15 where grown in
Hefei as reported in Ref. [25].
The infrared optical response has been measured with
a home built rotating analyzer ellipsometer attached to
a Bruker 113v spectrometer with a globar light source
in the mid-infrared (MIR) range (500 − 4000 cm−1)
and to a Bruker 66v at the IR1 beamline of the
ANKA synchrotron in the far-infrared (FIR) range (50−
700 cm−1) [26]. The normal incidence reflectivity spec-
tra in the FIR range were measured with a Bruker 113v
spectrometer utilizing an in situ gold coating technique
as described in Refs. [19, 27].
Figure 1 shows representative spectra of the in-plane
optical conductivity, σ1 (ω), of the Ba(Fe1−xCox)2As2
crystals at characteristic points of the doping phase di-
agram, (a) at x = 0 for the undoped parent compound
with a commensurate SDW state (TN = 134 K), (b) at
x = 0.04 in the underdoped regime where SC (Tc = 13 K)
and SDW order (TN = 68 K) coexist, (c) at x = 0.075
slightly beyond optimum doping (Tc = 22 K) where static
magnetic order is already absent [28], and (d) at x = 0.15
where SC has just vanished in the overdoped regime. The
major features of these spectra are similar as in previous
reports [18, 29–31]. (i) The Drude-like upturn of σ1 (ω)
toward low energy that contains (at least) two contri-
butions due to charge carriers with smaller and larger
scattering rates that have been assigned to the electron-
and hole-like bands, respectively [18–20]; (ii) The pro-
nounced tail in the MIR range and the following upturn
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FIG. 2. Difference spectra with respect to the optical con-
ductivity (a) at 400 K for x = 0.05 and (b) at 300 K for
x = 0.075. Solid black lines show the fits to the spectrum
just above TN and Tc, respectively. Dotted lines show the
background without the bands around 1000 and 2300 cm−1.
Both lines are offset for clarity. (c) T -dependence of the ob-
tained spectral weight, SW, of the 1000 cm−1 and 2300 cm−1
bands [45]. (d) Data (symbols), fit (solid lines) and contribu-
tions of the Drude and Lorentz terms (thin lines) for x = 0.075
at T = 22 K and T = 300 K.
toward higher energy that were previously interpreted in
terms of inelastic scattering of the charge carriers and an
interband transition with a maximum around 5500 cm−1,
respectively [18, 20]. With decreasing T the Drude peak
becomes narrower and for all samples a sizeable spectral
weight transfer occurs from the MIR region to higher en-
ergies, i.e. beyond the band at 5500 cm−1. The latter
effect has been interpreted in terms of a strong Hund’s
rule coupling scenario [29, 32, 33].
The most prominent, additional features in the σ1 (ω)
spectra develop in the SDW state. At x = 0 in Fig. 1(a)
the conductivity below TN exhibits a pronounced, gap-
like suppression at low energies and two peaks that are
likely due to transitions across the SDW gap (SDW peaks
in the following), around 400 and 1000 cm−1 [31]. The
remnant of a very narrow Drude peak below 100 cm−1 in-
dicates that the SDW gap involves only parts of the Fermi
surface and gives rise to a strongly reduced scattering
rate in the remaining gapless regions. At x = 0.04 these
spectroscopic features of the SDW gap are already rather
weak and incomplete. The higher SDW peak is signifi-
cantly reduced in strength and shifted to a lower energy
of ∼ 600 cm−1 (marked by the upper arrow), whereas
the lower peak is no more discernible [34, 35]. The sig-
natures of the SC gap below ∼ 200 cm−1 that have been
previously described in Refs. [18–21, 30, 34, 36] are not
visible on the extended energy scale of Figs. 1(a)-1(d).
In the following we focus on the comparably much
weaker normal state feature around 1000 cm−1 that is
indicated by the upward arrows in Figs. 1(a)-1(c). Fig-
ure 1(e) details this feature in terms of the difference
spectra, σ1 (ω, T )− σ1(ω,300 K). It shows that what ap-
pears as a plateau is indeed a well-defined band which is
present over a broad range of doping starting from x = 0
and disappearing around x = 0.15 just as SC is fully
suppressed in the overdoped regime.
As mentioned in the introduction, this feature was pre-
viously interpreted either in terms of a strong coupling
of the charge carriers to a bosonic mode [12, 18] or of
a pseudogap effect [13]. In the following we present an
alternative interpretation in terms of a low-energy in-
terband transition. This interpretation arises from a de-
tailed study of the doping and T -dependence of the shape
of this relatively weak peak feature which is readily well
resolved in our MIR ellipsometry spectra thanks to the
high precision and reproducibility of this self-normalizing
technique.
The difference spectra in Fig. 1(e) reveal that this fea-
ture corresponds to a relatively broad band with a max-
imum around 1000 cm−1 and a well-defined onset whose
energy (∼ 2000 cm−1) is remarkably independent of dop-
ing. The spectral weigth, on the other hand, decreases
with doping as is shown in Fig. 1(f). Figure 2 shows for
the x = 0.05 and 0.075 samples that a similar trend holds
for the T -dependence of this band where the high energy
onset once more remains almost unchanged whereas the
peak intensity decreases and vanishes at 250− 300 K.
The relatively sharp and almost T - and doping inde-
pendent high energy onset of the band can be hardly rec-
onciled with the scenario of a remnant of the SDW peak
or of a strong coupling of the charge carriers to magnetic,
orbital or nematic excitations. In these cases the band
and its high energy onset eventually should be shifted to
lower energy and become more gradual.
On the other hand, the observed trends can be readily
understood in terms of interband transitions involving
the hole like bands near the center of the Brillouin-zone
(BZ) and along the vertical direction from Γ to Z. As
sketched in Fig. 1(g), likely players are the relatively flat
Fe 3d 3z2 − r2 band that lies below the Fermi level and
two narrower yz/zx hole-like bands of which at least one
reaches well above the Fermi level, as predicted by Valen-
zuela et al. (see Fig. 3(b) in Ref. [37]). A normal state
feature around 0.1 eV also appears in the conductivity
spectra calculated by Yin, Haule and Kotliar [38]. The
three bands are discernible in angle-resolved photoemis-
sion spectroscopy spectra [39–43], for example in Fig. 1 of
Ref. [43] and in Fig. 1 of Ref. [39]. The energy difference
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FIG. 3. Difference spectra with respect to the infrared con-
ductivity at 300 K for (a) the undoped parent compounds
and (b) near optimally doped samples. The indicated offsets
have been introduced for clarity.
between the lowest occupied and the highest unoccupied
states of these bands is slightly in excess of 200 meV in
good agreement with the onset of the interband transi-
tion in our IR spectra near 2000 cm−1 (or 250 meV).
The sketch in Fig. 1(g) indicates that the 1000 cm−1
band contains two different types of interband transi-
tions. This explains that the band is significantly broad-
ened and does not exhibit a clearly discernible onset fea-
ture on the low energy side (in the experimental data the
latter may also be obscured by the strong T -dependence
of the free carrier response). An additional broadening
of the characteristic features of the interband transition
may arise from the weak dispersion of the bands along
the c-direction that is predicted from band structure cal-
culations [44] and also seen in ARPES [42].
The ARPES data also show that upon Co doping the
hole bands are sinking below the Fermi level. The dis-
tance between these hole bands, and thus the high en-
ergy onset of the interband transition, remains almost
constant as shown in Fig. 4 of Ref. [39]. Just like the
1000 cm−1 band which vanishes around x = 0.15 as
shown in Fig. 1(f), the shrinking hole-pockets are re-
ported to disappear near x = 0.15 (at ∼ 0.11 for Γ point
and at ∼ 0.2 for Z point) [22]. It was already pointed out
in Ref. [22] that this Lifshitz transition coincides with the
critical point where SC vanishes on the overdoped side of
the phase diagram.
A similarly good agreement with the published ARPES
data exists for the T -dependence of the 1000 cm−1
band. The ARPES shows that the hole-like bands in
Ba(Fe1−xCox)2As2 exhibit an unusually large downward
shift with increasing T (by ∼ 35 meV). The Fermi level
shift is almost linear in T and the hole pockets are vanish-
ing around 250− 300 K [42]. A corresponding trend oc-
curs in Fig. 2 for the 1000 cm−1 band for which the spec-
tral weight also decreases linearly with T and vanishes
near 300 K. In the Supplementary online material [45]
we show details of the model and SW estimates of Fig.
1(f) and 2(c).
The existing ARPES data and the band structure cal-
culations therefore agree well with our interpretation of
the 1000 cm−1 band in terms of low-energy interband
transitions involving the hole-like bands at the center of
the BZ and along the vertical direction from Γ to Z. We
note that our IR-spectra also show weak signatures of a
second band with a maximum around 2300 cm−1. This
band is not as well resolved as the band at 1000 cm−1,
therefore it is difficult to make an assignment and to
judge on its doping and T -dependence.
Finally, we demonstrate that the near coincidence of
the peak energy of the 1000 cm−1 interband transi-
tion and the SDW peak in the undoped parent com-
pound of the Ba(Fe1−xCox)2As2 system is acciden-
tal. This can be seen from Fig. 3 which shows
the conductivity difference spectra for similar series of
Sr(Fe1−xCox)2As2 and Ca1−xLaxFe2As2 crystals. The
SDW peaks of the undoped CaFe2As2 and SrFe2As2
are shifted to higher energies of ∼ 1400 − 1500 cm−1
roughly consistent with the increase of TN to 170 K
and 190 K, respectively. In contrast, the two normal
state peaks maintain their positions around 1000 cm−1
and 2300 cm−1, respectively. The only major differ-
ence concerns their spectral weight which varies signif-
icantly. While in Ba(Fe0.925Co0.075)2As2 the 1000 cm
−1
band has a significantly larger spectral weight, the oppo-
site is true for Ca0.85La0.15Fe2As2 where the 2300 cm
−1
band is more pronounced. The assignment of this sec-
ond interband transition and the origin of its increased
spectral weight in Ca0.85La0.15Fe2As2 as compared
to Ba(Fe0.925Co0.075)2As2 and Sr(Fe0.915Co0.085)2As2 is
presently unknown and should be addressed with theo-
retical calculations [44].
With infrared spectroscopy, specifically with ellipsom-
etry, we detailed the electron doping and T -dependence
of the optical conductivity in Ba(Fe1−xCox)2As2,
Sr(Fe1−xCox)2As2 and Ca1−xLaxFe2As2 single crystals.
We found that a weak band around 1000 cm−1, that was
previously interpreted in terms of strong coupling of the
charge carriers with magnetic excitations or of a pseu-
dogap effect, is best explained in terms of a low-energy
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interband transition. This interband transition exhibits a
very interesting doping dependence since it vanishes close
to the critical point where SC is fully suppressed in the
overdoped regime. A corresponding trend was observed
in ARPES data which show that the hole pockets near
the vertical axis of the BZ are shrinking with Co dop-
ing and vanish in two Lifshitz transitions located above
and below the critical point. The combined, comple-
mentary information from the surface sensitive ARPES
data and our truly bulk specific IR data therefore sug-
gests that the hole pockets play an important role in the
SC pairing mechanism, at least in this electron-doped
122 compound. A good agreement between our IR data
and published ARPES data is obtained for the strong
T -dependence of these hole pockets which are shrinking
with increasing T and vanish at 250 − 300 K. Our IR
data reveal a second low-energy band with a maximum
around 2300 cm−1 that further highlights the necessity
to explicitly include the multiband nature in the anal-
ysis and interpretation of the optical response of these
iron arsenide superconductors. Finally we note that our
interpretation of the IR spectra does not exclude the pos-
sibility that the charge carriers are strongly interacting
with magnetic, orbital or nematic fluctuations. These
may be responsible for the unusually large T - and dop-
ing dependent shifts of the bands near the Fermi level
that are evident from the IR and ARPES data.
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